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1
NATURAL GAS DESULFURIZATION

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 60/984,602, filed Nov. 1, 2007,
which is hereby incorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
grant CTS-0455176 awarded by the National Science Foun-
dation. The U.S. government has certain rights in the inven-
tion.

FIELD

The present disclosure relates generally to natural gas des-
ulfurization.

BACKGROUND

Fuel cells, such as proton exchange membrane (PEM) fuel
cells and solid oxide fuel cells (SOFC), are arguably the most
energy efficient and clean energy generation systems. These
fuel cells require hydrogen as the fuel. One method for pro-
ducing hydrogen is by catalytic reforming of natural gas with
liquefied petroleum gas (LPG), i.e., commercial propane and
butane, used to a lesser extent. These fuels are often the fuels
of choice for hydrogen because of their relative abundance
and availability of supply infrastructure. Such fuels are often
dosed with sulfur odorants, such as thiols and sulfides, for
handling during transportation and utilization. Residual H,S
may remain in these fuels (~5-10 ppm). It is desirable to
remove these sulfur compounds before feeding to the cata-
Iytic reformers, in part, because they may poison both the
catalysts in the reformers and the catalysts in the fuel cells.

The concentrations of sulfur in pipeline natural gas and

LPG are typically around 10 ppm or higher. Raw natural gas
from wellhead contains a significant amount of sulfur in the
form of H,S. The concentration varies widely from ppm
levels up to 5%. The acceptable sulfur levels for reformers
and fuel cells are well below 1 ppm, (for example, <0.01
ppm).
It is desirable that the H,S be removed to a level below 10
ppm before distribution in pipelines. Current technologies
used to remove H,S include solvent extraction using amine
solutions or adsorption at ambient temperatures using fixed
bed adsorbers (e.g., activated carbon or zinc oxide (ZnQO)).
These sorbents generally do not have high sulfur selectivity
and high sulfur capacity; and furthermore, they are used as
disposable sorbents because they are not regenerable.

SUMMARY

A method for desulfurizing natural gas hydrocarbons
includes contacting the natural gas with an adsorbent which
preferentially adsorbs at least one of hydrogen sulfide, COS,
sulfur odorants, or combinations thereof, at a selected tem-
perature and pressure, thereby producing desulfurized natural
gas and a hydrogen sulfide/COS/sulfur odorant/combinations
thereof-rich adsorbed component. The adsorbent includes a
copper species adapted to form m-complexation bonds and
direct metal-sulfur bonds with the at least one of hydrogen
sulfide, COS, sulfur odorants, or combinations thereof, and
wherein the preferential adsorption occurs by m-complex-
ation and direct bonding between metal and sulfur atoms.
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An apparatus includes a reactor having a reactor chamber;
at least one gas inlet to the reactor chamber; at least one gas
outlet from the reactor chamber; at least one solid material
inlet/outlet to the reactor chamber; and at least one adsorbent
loaded in the reactor chamber, wherein the adsorbent includes
a copper species adapted to form m-complexation and direct
metal-sulfur bonds with the at least one of hydrogen sulfide,
COS, sulfur odorants, or combinations thereof present in gas
passing through the adsorbent.

BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages of embodiments of the present
disclosure will become apparent by reference to the following
detailed description and drawings.

FIG.1is a graph depicting isotherms for H,S adsorption on
different sorbents at 25° C., where Cu()Y (@); AgY (o);
Cu(I)Y (A); CuClVSBA-15 (¢); CwAC (O); ACF
(CK)SWNT (A); fitting data (line);

FIG. 2 is a graph depicting isotherms for DMS adsorption
on different sorbents at 25° C., where Cu(1)Y (@); AgY (A);
Cu(IDY (0); CuCl/SBA-15 (#); Cu/AC (<); fitting data
(line);

FIG. 3 is a graph depicting isotherms for H,S adsorption on
different sorbents at 60° C., where Cu()Y (0); AgY (@);
Cu(IDY (©); Cu/AC (A); fitting data (line);

FIG. 4 is a graph depicting isotherms for DMS adsorption
on different sorbents at 60° C., where CuY (A); AgY (A);
Cu(I)Y (@); Cw/AC (o), fitting data (line);

FIG. 5 is a graph depicting isotherms of CH, on Cu(I)Y at
different temperatures, 25° C. (#); 60° C. ((0);

FIG. 6 is a graph depicting breakthrough of DMS on fresh
and regenerated Cu(I)-Y diluted in 3A zeolite 20/50 wt/wt
with GHSV=27,000 h™" at 50° C;

FIG. 7 is a graph depicting breakthrough of DMS 10 ppmw
on Cu()-Y diluted in 3A zeolite 20/50 wt/wt at different
GHSV and 50° C.;

FIG. 8 is a graph depicting breakthrough of DMS 10 ppmw
on AgY diluted in 3A zeolite 20/50 wt/wt at GHSV=27 000
and 50° C.;

FIG. 9 is a graph depicting breakthrough of DMS 98.4
ppmw on Cu(I)-Y and Ag—Y at GHSV=39,000 hr~* and 25°
C.;

FIG. 10 is a graph depicting breakthrough for DMS 92.8
ppmw on active carbon at 50° C. and different GHSV;

FIG. 11 is a graph depicting breakthrough of DMS on
CuCl/SBA-15 at different GHSV and 25° C.;

FIG. 12 is a graph depicting breakthrough of DMS on fresh
and regenerated CuCl/SBA-15 with GHSV=60000h! at 25°
C.;

FIG. 13 is a graph depicting breakthrough of DMS on fresh
CuCl/MCM-41 and CuCl/SBA-15 with GHSV=60 000 h~* at
25°C,

FIG. 14 is a graph depicting isotherms for H,S adsorption
on VPIE Cu(D)-Y at 25° C., where fresh Cu()-Y (@), regen-
erated Cu(I)-Y (o); fitting data (line);

FIG. 15 is a graph depicting isotherms for H,S adsorption
on CuCl/SBA-15 at 25° C., where fresh CuClI/SBA-15 (@);
regenerated CuCl/SBA-15 (o); fitting data (line); and

FIG. 16 is a molecular orbital image of an intermediate
complex formed by a method in accordance with the present
invention.

DETAILED DESCRIPTION

Embodiments of the method disclosed herein advanta-
geously use sorbents that have high sulfur selectivity and
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capacity, ambient temperature operation and regenerability.
The copper species of the sorbents used herein advanta-
geously form strong bonds with H,S, DOS, and sulfur odor-
ant molecules (e.g., dimethyl sulfide), thereby rendering them
useful for desulfurization of natural gas hydrocarbons.

The present inventive method may be used to remove sulfur
compounds (for example, hydrogen sulfide and sulfur odor-
ants) from natural gas hydrocarbons (including, but not lim-
ited to methane gas). Natural gas has a different composition
than liquid fuels, and thus the copper species interacts differ-
ently with the compounds in the natural gas than it would with
the compounds in liquid fuel. It is believed that preferential
adsorption occurs via both mt-complexation and direct bond-
ing between metal and sulfur atoms.

Without being bound to any theory, it is believed that the
higher sorbent capacity of the sorbents used herein may be
due to a preferred sorbent pretreatment method wherein the
sorbent is activated at a temperature ranging between about
250° C. and about 600° C., and is then cooled. In an embodi-
ment, the activation may be carried out for an amount of time
ranging between about one hour and about 20 or more hours.
In an alternate embodiment, the activation may be carried out
for an amount of time ranging between about 5 hours and
about 15 hours. In a further embodiment, the activation may
be carried out for an amount of time ranging between about 6
hours and about 12 hours. In an embodiment, the pretreat-
ment process may take place in an inert and/or reducing
atmosphere. As a non-limiting example, activation may take
place in an inert atmosphere (e.g., helium) and/or in a reduc-
ing atmosphere, and cooling may take place in an inert atmo-
sphere. Some non-limitative examples of the reducing atmo-
sphere include reducing gases, such as, for example,
hydrogen and/or carbon monoxide, and/or any other suitable
reducing gas. As such, the pretreatment process results in a
cuprous sorbent.

Further, the adsorbents used herein may be regenerated
after use by any suitable method. In an embodiment, the
regenerating may be accomplished by calcining the adsor-
bent. The calcining may be carried out for any suitable length
of time and at any suitable temperature sufficient to substan-
tially remove the H,S/COS/sulfur odorants from the adsor-
bent. In an embodiment, the calcining may be carried out for
an amount of time ranging from about less than 1 hour to
about 20 or more hours. In an alternate embodiment, the
calcining may be carried out for an amount of time ranging
between about 5 hours and about 15 hours. In an embodiment,
the calcining may be carried out at a temperature ranging
between about 300° C. and about 600° C. As a non-limiting
example, desulfurization may be accomplished for sorbents
calcined between about 6 hours and about 12 hours at a
temperature ranging between about 350° C. and 450° C. The
sorbents used in the methods disclosed herein, one example
of' which is Cu(l)Y, may be substantially fully regenerated by
first calcining/air (and/or oxygen) oxidation (e.g., at about
350° C.), followed by auto-reduction in an inert atmosphere
(e.g., at about 450° C.).

The method disclosed herein may advantageously be run at
ambient temperature and pressure, which is highly desirable
for a variety of reasons. In one embodiment, the natural gas is
pipeline natural gas. It is much less energy consuming to run
processes at ambient temperature and pressure. Further, con-
ventional catalytic desulfurizing processes are typically run
at high temperatures, e.g., 700° C., and high pressures, caus-
ing the (very expensive) catalyst to be continually deacti-
vated. Still further, the method disclosed herein may be used
as a first line desulfurizing process, and/or as a clean up
desulfurizing process to remove sulfur compounds missed by
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conventional processes. It may be very useful to have the
option to use the method disclosed herein as a downstream
“clean up” desulfurizing process, in that it may not be neces-
sary to revamp current refining processes upstream from the
present inventive process. This option could solve the cost-
prohibitive problems encountered by some refiners. In
another embodiment, the natural gas is present in ambient air.
The adsorbent can be loaded into portable containers for
removing sulfur-containing compounds from various envi-
ronments, such as mine chambers and other work areas where
workers may be exposed to sulfur-containing gases. In one
embodiment, the adsorbent can be loaded into a canister for a
gas-mask.

Higher sorbent capacity may also be due to a natural gas
pretreatment process. Such processes may be accomplished
in order to remove, for example, hydrocarbons from the gas.
The natural gas may be pretreated using a desiccant or a
non-sulfur selective sorbent that removes hydrocarbons that
are heavier than methane. Non-limiting examples of suitable
desiccants include activated alumina, silica gel, activated car-
bon and/or combinations thereof. Non-limiting examples of
suitable non-sulfur selective sorbents include activated car-
bon, silica gel, zeolites (e.g., 3A-zeolite), activated alumina
and/or combinations thereof.

In some embodiments, a relatively thin layer of another
sorbent may be used as a guard bed to remove moisture. It is
contemplated that all suitable commercial sorbents, particu-
larly 3A-zeolite and desiccants, may be used as a guard bed.
In one non-limiting embodiment, a guard bed may be
included as about 25% of'the bed at the inlet thereto; while the
main bed is a copper ion-exchanged zeolite.

Although the process disclosed herein has specifically
tested Cu—Y (among others), it is to be understood that Type
X zeolites may in some cases be as good as, or better zeolites
thanY zeolites, since more cations are available in X zeolites.
Further, it is to be understood that other zeolites are contem-
plated as being within the scope of the present disclosure. Still
further, the adsorbent disclosed herein may include a meso-
porous support (e.g., MCM-41, SBA-15, and the like).

The copper species form m-complexation and direct metal-
sulfur bonds with H,S, COS, sulfur odorants, and/or combi-
nations thereof. Non-limiting examples of such copper spe-
cies include Cu®* and Cu* salts. Further, the copper species
does not need to be ion-exchanged, but rather may be dis-
persed (monolayer dispersion, island dispersion, etc.) on a
carrier (such as, for example, silica, alumina, etc.) by any
suitable method know in the art.

The m-complexation bonds and direct metal-sulfur bonds
are stronger than those formed by van der Waals interactions,
but they are also weak enough as to be broken by traditional
engineering means such as increasing temperature and/or
decreasing pressure. Therefore, the present inventors have
fortuitously tailored and developed methods where selective
adsorption is needed, such as in the case of sulfur removal
from natural gas hydrocarbons.

Inan embodiment, the process for desulfurizing natural gas
includes contacting the natural gas with an adsorbent which
preferentially adsorbs hydrogen sulfide, COS, sulfur odor-
ants, and/or combinations thereof at a selected temperature
and pressure. This process produces desulfurized natural gas
and a hydrogen sulfide, COS, sulfur odorants and/or combi-
nations thereof adsorbed component. It is to be understood
that in the “hydrogen sulfide, COS, sulfur odorants and/or
combinations thereof adsorbed component” term as used
herein, the sulfur compounds may not represent the greatest
amount of adsorbate.
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The adsorbent includes any ion-exchanged zeolite or
mesoporous support, including high surface area supports,
but in a non-limiting example, the zeolite/support is selected
from zeolite X, zeolite Y, zeolite LSX, MCM-41, SBA-15,
silicoaluminophosphates (SAPOs), and mixtures thereof.
Generally, the zeolite has exchangeable cationic sites, and at
least some of the sites have the copper species present. The
mesoporous support is reacted with copper salts to form a
monolayer of the support and salt.

The adsorbent includes sulfur containing compounds,
including but not limited to compounds of general formula:

R—S—H; R—S—R; or Ar—S—Ar,

where R represents an aliphatic ligand and Ar represents an
aromatic ligand, wherein the ligand is capable of not interfer-
ing with the formation of p-complexation by steric hinder-
ance.

An intermediate complex of general formula:

R—S—IH; R—S—R; or Ar—S—Ar

Cu Cu Cu

J-complex

where R represents an aliphatic ligand and Ar represents an
aromatic ligand, wherein the ligand is capable of not interfer-
ing with the formation of p-complexation by steric hinder-
ance, is formed where Cu is t-bonded to the sulfur containing
compound ofthe complex as depicted in the molecular orbital
image shown in FIG. 16.

As previously mentioned, the preferential adsorption
occurs by m-complexation and direct metal-sulfur bonding.
Generally, the copper species releasably retains hydrogen
sulfide, COS, sulfur odorants and/or combinations thereof
when present.

To further illustrate the present disclosure, the following
examples are given. [t is to be understood that these examples
are provided for illustrative purposes and are not to be con-
strued as limiting the scope of the present disclosure.

EXAMPLES
Sorbent Preparation

The starting adsorbent materials were Na—Y zeolite (Si/
Al=2.40 and 2.43, Strem Chemicals), and NH,—Y zeolite
(Si/A1=2.40, Strem Chemicals). H—Y zeolite was obtained
after calcination of NH,—Y with dry air at 450° C. at 1°
C./min. All of the zeolites were modified by either liquid
phase or vapor phase exchange techniques.

To form the vapor phase exchanged zeolites, layers of the
proton-form zeolite and CuCl (99.99%, Sigma-Aldrich) were
loaded into a reactor each separated by thin quartz wool walls.
Direct contact of the zeolite and salt is not desirable, in part
because of disproportionation of the copper species in the
presence of adsorbed water. The reactor was then heated in an
inert, dry atmosphere, from room temperature to about 200°
C. at 1° C./min. The temperature was held at that point for
about 4 to 6 hours. The temperature was then slowly increased
above the normal melting point of CuCl (430° C.) and main-
tained at a pre-specified high temperature for another 10
hours. The CuCl excess was completely evaporated from
within the voids of the zeolite. This was corroborated by the
absence of the salt from its original reactor location at the end
of the vapor phase ion exchange (VPIE) process and by a
white crystalline ring formed at the reactor outlet. The zeolite
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was then treated in oxygen at 200° C. for about 4 to 6 hours
before cooling down to room temperature.

AgY (Comparative Example) was prepared by two con-
secutive ion exchanges with 0.05 M solution of AgNO;. Each
exchange was carried with twice the required amount of
cations for theoretical full exchange at room temperature with
agitation for 24 hours. The solution was decanted after the
first exchange, and then a fresh AgNO; solution was added
and the mixture was agitated again at room temperature for 24
hours. After the second exchange, the mixture was vacuum
filtered and washed in copious amount of deionized water
until no free ions were present in the filtrate (i.e., no precipi-
tation upon treatment with NaCl). The AgY was dried at room
temperature and atmospheric conditions in a dark area.

It is to be understood, that Cu(1)Y may be prepared in the
same fashion as that noted above for the preparation of AgY.
That is, Cu(I)Y may be prepared by liquid phase ion exchange
with Cu(NO,), followed by calcination and treatment in a
reductive atmosphere.

CuCl/MCM-41 and CuCl/SBA-15 samples were prepared
by spontaneous monolayer dispersion. The MCM-41 and
SBA1S5 were prepared, and then activated in a dry He atmo-
sphere at 550° C. for two hours. After this, about 1.0 g of
MCM-41 or SBA-15 was thoroughly mixed with 1.32 g or
0.97 g of CuCl and the mixture was placed in a quartz tube and
heat treated at 380° C. in He for 24 hours. After this heat
treatment, a monolayer CuCI/MCM-41 or CuCl/SBA-15
sample was obtained. The BET surface areas, N, adsorption
isotherms and pore size distribution of the samples were
measured by physical adsorption of N, at 77 K using a
Micromeritics ASAP 2020. The pore sizes of MCM-41 and
SBA-15 based adsorbents were calculated by BJH methods.
The results are listed Table 1 (below).

TABLE 1
Physical properties of mesoporous absorbents

Metal BET BIH

loading  surface area BJH pore pore volume
Adsorbent (mmol/g) (m2/g) diameter (A)® (cm3/g)®
MCM-41 — 1225 28.7 1.17
CuCl/MCM-41 5.7 456 26.0 0.33
SBA-15 — 901 58.7 1.14
CuCl1/SBA-15 5.1 411 54.2 0.56

“BJH desorption average pore diameter (4 V/A).
"BIH desorption cumulative volume of pores between 17.0 A and 3000.0 A diameter.

Adsorption of Dimethyl Sulfide (DMS) and Hydrogen Sul-
fide (H,S)

Single component isotherms for DMS and H,S were mea-
sured using standard gravimetric method at room temperature
(25°C.) and 60° C. A Shimadzu TGA-50 automatic recording
microbalance was employed. Helium (UHP. 99.999%) was
used as the carrier gas and was first passed through a 3A
zeolite to remove trace amount of water. The mixtures of
DMS/He and H,S/He were also pretreated using a 3A-zeolite.
The desired H,S/DMS concentration was reached by diluting
with additional He (the total flow rate was 200 ml/min), and
the mixture was directed into the microbalance. Calibrations
for gas composition changes were made to accurately account
for differences in buoyancy and friction loss.

Cu(1)Y (VPIE) zeolites were obtained by auto-reduction of
Cu(ID)Y(VPIE) using the ultra-high purity helium gas pre-
treated by 3A-zeolite and after heating to 450° C. at 1°
C./min. The temperature was held at the set point for about 10
hours. The temperature was then brought to room condition
under inert gas flow followed by TGA experiment. Cu(I))Y
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(VPIE) was pretreated in air at 350° C. for 6 hours followed
by TGA experiment. CW/AC (Sud-chemie) was obtained by
pretreating in He at 350° C. for 6 hours followed by TGA
experiment. BPL carbon was pretreated in He for 5 hours in
He at 250° C. followed by TGA experiment. AgY (LPIE) was
pretreated in air at 350° C. for 6 hours followed by TGA
experiment.
Ab Initio Molecular Orbital Calculations

Molecular orbital (MO) studies on the m-complexation
bonding for H,S and DMS on Cu(I), Ag and Cu(Il) zeolites
were performed. The Gaussian 03 package and Cerius2
molecular modeling software were used for all MO calcula-
tions. Geometry optimizations and frequency analysis were
performed at the Hartree-Fock (HF) level first, then binding
energy analysis was performed at density functional theory
(DFT) level using effective core potentials (ECPs).
Models for Cu-Zeolites: Cu(1)Z & Cu(I)Z and Ag-Zeolite:
AgZ

As used throughout the examples, Cu(I)Z, Cu(Il)Z and
AgZ represent zeolites or Y zeolites. The zeolite model has
the molecular formula ofH, ,Si;Al,0, ,. Since the framework
of zeolites is composed of silica and alumina groups, repre-
sented by SiO, and AlO, respectively, the model zeolite con-
sisted of three SiO, and three AlO, joined together in an
alternate manner through shared oxygen atoms to form a
six-membered oxygen ring. Such a six-membered ring clus-
ter is truncated from a faujasite zeolite model in Cerius2. The
oxygen dangling bonds are saturated with hydrogen in order
to terminate the model. A cation Cu* or Cu** or Ag* is placed
in the center of the ring; the exact position is determined by
optimization with zeolite atoms fixed to their crystallographic
positions. This model represents cations located on site 11
(SII) sites in faujasite, the most likely exposed site. Once the
optimized structures of zeolite models are obtained at the
HF/Lanl.2DZ level, then an adsorbate molecule such as H,S
is added onto the cation of zeolite model, the resulting struc-
ture is further optimized, and the energy of the optimized
structure is determined at the B3LYP/LanL.2DZ level.
Geometry Optimization and Bond Energy Calculations

Frequency analysis was used to verify that all geometry
optimized structures were true minima on the potential
energy surface. The optimized structures were then used for
bond energy calculations according to the following expres-
sion:

E.a=E,

+E, ~E,

M

where E_ ;. ,pa 18 energy of free adsorbate, E_ .50 18
energy of free adsorbent and E_ ;. ;.. sasorbaze 15 €0Ergy of
the adsorbate/adsorbent system. A higher value of E_,, cor-
responds to a stronger adsorption.
Characterization of Sorbents

Previous analysis indicates that Ag/Al and Na/Al ratios in
AgY were 1.13 and 0.01, respectively. This is because Ag™" is
known to have higher selectivity to cation sites in zeolites
compared to Na*. More than 100% Ag ion exchange ratios
were obtained in AgY, because some Ag was located outside
the charge-compensating sites. For Cu(l)Y prepared by
VPIE, almost complete ion exchange was reached. The com-
position of the different sorbents is shown in Table 2.

TABLE 2

Composition of different sorbents

Adsorbent Composition Preparation

CuY Cu54H3AI57Si1350384 VPIE at 700° C. and
autoreduction at 450° C.
CuI)Y (CuOH)54H3Al57Si1350384  VPIE at 700° C. and

pretreat at 350° C.
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TABLE 2-continued

Composition of different sorbents

Adsorbent Composition Preparation

Ag63A157811350384
5% (wt)Cu/Active Carbon

LPIE and pretreat at 350° C.
from Stid-Chemie

AgY
CwAC

H,S/DMS Adsorption Isotherms at 25° C.

FIG. 1 shows the equilibrium isotherms of H,S on different
sorbents at 25° C. The solid lines in the figure also show the
data fitted by the Langmuir-Freundlich isotherm, because
Langmuir isotherm alone would not adequately fit the data,
Crespo et al., “Superior Sorbent for Natural Gas Desulfuriza-
tion,” Ind. Eng. Chem. Res. 47:1238-1244 (2008); Hernan-
dez-Maldonado et al., “Desulfurization of Diesel Fuels by
Adsorption via m-Complexation with  Vapor-Phase
Exchanged Cu(I)—Y Zeolites,” J. Am. Chem. Soc. 126:992-
993 (2004); Ma et al., “Selective Adsorption of Sulfur Com-
pounds: Isotherms, Heats, and Relationship between Adsorp-
tion from Vapor and Liquid Solution,” Ind. Eng. Chem. Res.
46:2760-2768 (2007); Li et al., “Effects of Oxygenates and
Moisture on Adsorptive Desulfurization of Liquid Fuels with
Cu(l)Y Zeolite,” Catalysis Today 116:512-518 (2006); Yang
et al., “Desulfurization of Transportation Fuels with Zeolites
Under Ambient Conditions,” Science 301:79-81 (2003),
which are hereby incorporated by reference in their entirety.
The hybrid Langmuir-Freundlich isotherm is given by:

gnBP” @
g=

" 1+BpPP

All of the sorbents have very high capacities for H,S, even
at the very low concentration level (0.5 ppm). The capacity of
the adsorption decreased in the order of Cu(I)Y>AgY>Cu(Il)
Y>Cu/AC. The H,S adsorption capacity on the Cu(I)Y and
AgY is very similar. These results indicate that both Cu(I)Y
and AgY are excellent sorbents for H,S adsorption removal
(while the cost of Ag is much higher than that of Cu).

FIG. 2 shows the equilibrium isotherms of DMS on differ-
ent sorbents at 25° C. The data was fitted by the Langmuir-
Freundlich isotherm, also shown by the solid lines in the
figure. It can be seen that all sorbents have very high capaci-
ties for DMS, even at the very low concentration level (0.5
ppm). The capacity of the adsorption decreased in the order of
Cu(D)Y>AgY>Cu(IDY>CwAC in the whole DMS concen-
tration range.

From FIGS. 1 and 2, it is clearly shown that the adsorption
capacity of H,S is higher than that of DMS for each sorbent,
which was predicted from the molecular orbital calculations
that showed stronger bonds with H,S than DMS. The param-
eters for the measured adsorption isotherms of H,S and DMS

are summarized in Table 3.
TABLE 3
Langmuir-Freundlich parameters for adsorption of H,S and
DMS at 25° C.

Adsorbent Adsorbate qm (mmol/g) B (ppm-(1/n)) n
AgY H,S 6.35 0.16 1.40

DMS 39.21 0.015 2.59
cuDY IS 7.15 0.24 2.03

DMS 4.70 0.14 1.44
cu(IlDY IS 5.08 0.14 1.97
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TABLE 3-continued

Langmuir-Freundlich parameters for adsorption of H,S and

DMS at 25° C.
Adsorbent Adsorbate qm (mmol/g) B (ppm-(1/n)) n
DMS 6.50 0.04 1.83
CwAC H,S 0.97 0.11 0.81
DMS 1.59 0.084 1.93

The temperature dependence of the Langmuir-Freundlich
isotherm parameters (q,,, B and n) can be estimated from
Table 3. The theoretical temperature dependence of the Lang-
muir constant, B, is approximately (by neglecting the effect of
T in the pre-exponential factor):

BoePRT ©)

where E is the heat of adsorption (in positive value).

The temperature dependence of q,,, can be estimated using
the empirical “Gurvitsch Rule,” i.e., q,, is equal to the pore
volume divided by the molar volume of the adsorbate (as
liquid). Thus, the temperature dependence of g,,, follows that
of' the liquid density. Since n is an empirical parameter, there
is no theoretical basis for the temperature dependence of n. A
linear correlation between n and T would be a good approxi-
mation.

H,S/DMS Adsorption Isotherms at 60° C.

FIG. 3 shows the isotherm of H,S on different sorbents at
60° C. The data were also fitted by the Langmuir-Freundlich
isotherm shown as the solid lines in the figure. A similar trend
was observed on these isotherms, when compared to the
isotherms at 25° C. The adsorption capacity decreases in the
following order: Cu()Y>AgY>Cu(Il)Y>Cu/AC. FIG. 4
shows the isotherm of DMS on different sorbents at 60° C.
The data fitted by Langmuir-Freundlich isotherm were also
shown as the solid lines in FIG. 4. The results were also very
similar to those at 25° C. The parameters for the measured
adsorption isotherms of H,S and DMS are summarized in
Table 4.

TABLE 4
Adsorbent Adsorbate qm (mmol/g) B (ppm-(1/n)) n
CuY H,S 2.36 0.43 1.33
DMS 1.85 0.11 0.73
Cu(IDY H,S 1.44 0.19 1.05
DMS 1.38 0.10 1.21
AgY H,S 2.32 0.13 0.87
DMS 1.78 0.06 0.83
CwAC H,S 1.61 0.10 1.40
DMS 0.42 0.06 0.96

CH,, Adsorption Isotherms

Methane isotherms were measured, in part because it is the
major component of natural gas. The adsorption isotherms of
CH, on Cu()Y and AgY were measured at room temperature
(25° C.) and 60° C. It was found (see FIG. 5) that a very small
amount of CH, was adsorbed compared to the sulfur com-
pounds, even at much higher pressures, which means these
sorbents have high selectivity on sulfur compounds and still
maintain a high sulfur capacity.
Adsorption Energies

Adsorption energies were calculated from experimental
data for the different sulfur species (H,S and DMS) on the
different sorbents. Adsorption isotherm data was used along
with the Clausius-Clapeyron equation to obtain the heats of
adsorption. The Clausius-Clapeyron equation is given by:
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The obtained results are summarized in Table 5 (below). As
can be seen from the results, the adsorption energies follow
the order Cu(l)Y>AgY>Cu(1)Y for both H,S and DMS.

TABLE 5

Energies of adsorption in kcal/mol for sulfur adsorbates
(obtained from experimental isotherm data)

Adsorbate AE on Cu(l)Y AE on AgY AE on Cu(Il)Y
H,S -14.0 -114 -9.5
DMS -11.3 -79 -6.6

Moreover, the heats of adsorption for H,S are higher than that
of DMS for all adsorbents. This is in fair agreement with the
results from the molecular orbital calculations, shown in
Table 6.

TABLE 6

Energies of adsorption in kcal/mol for sulfur adsorbates
(from ab initio molecular orbital calculations)

Adsorbate AE on Cu(l)Z AE on AgZ AE on Cu(ID)Z
H,S -17.5 -16.1 nil
DMS -13.2 -7.8 -1.3

Regeneration of Cu(I)Y by Heating in Inert Gas

The regeneration of the spent Cu(l)Y was investigated by
heating in inert gas at different temperatures. Table 7 shows
the desorption amounts of H,S and DMS on Cu()Y at dif-
ferent heating temperatures. When the sorbent was heated at
200° C., the amounts desorbed were 1.01 and 1.47 mmol/g for
DMS and H, S, respectively, which corresponded to 59% and
45% of the original amount for the fresh sample. When the
used sample was treated at 450° C., 87% of DMS and 69%
H,S were desorbed. Based on these results, it can be con-
cluded that, on the Cu(I)Y sorbent, the adsorption energy of
H,S is higher than that of DMS, so the adsorbed DMS was
relatively easily removed. This is in agreement with the
adsorption energy results. CuY could be regenerated com-
pletely (100% regeneration) by reacting with air at 350° C.
followed by auto-reduction.

TABLE 7
Desorption amount of DMS and H,S on Cu()Y
Regeneration Conditions DMS (mmol/g) H,S (mmol/g)
Fresh 1.7 3.23
Heat at 200° C. in He gas 1.01 1.47
Heat at 300° C. in He gas 1.30 1.76
Heat at 450° C. in He gas 1.48 2.23
Breakthrough Experiments

Fixed-Bed breakthrough experiments were carried out to
investigate the adsorption capacity of the different sorbents
and compare their effectiveness in removing sulfur com-
pounds at different flow conditions. DMS diluted in He was
used as the sulfur containing compound since it is the most
difficult odorant to remove from the studied compounds.
High adsorption capacity samples were diluted with 3A zeo-



US 8,187,366 B2

11

lite to provide a longer fixed-bed and allow the use of less
amount of adsorbent sample in order to make the experiment
length more manageable. DMS is not adsorbed in 3A due to
pore size exclusion, so it is an excellent choice as a diluent.
Furthermore, the experiments were carried out at an elevated
temperature (50° C.) to decrease the amount of time per run
since the samples have a lower capacity at higher tempera-
ture. The sample (typically 70-100 mg) was then placed on a
vertical glass adsorber (6 mm ID) with a quartz frit. The
reactor was wrapped with a heating tape and insulated with
ceramic wool wrapping. A thermocouple was placed at the
reactor surface to monitor the temperature. The temperature
was controlled with a PID temperature controller. The outlet
of the reactor was connected to a GC-FID to continually
monitor the gas as it exited the column. The breakthrough of
DMS on VPIE Cu(D)Y is shown in FIG. 6. The run was
repeated after regenerating the sample in air at 350° C. for 8
hours followed by auto-reduction. As can be seen, the adsorp-
tion capacity is almost identical to the fresh capacity, which
further proves the sorbent is fully regenerable.

The effect of different gas flowrates (Gas Hourly Space
Velocity, GHSV) is shown in FIG. 7. As expected, under the
same conditions, a higher flowrate led to a lower adsorption
capacity.

To compare the copper species sorbents with AgY zeolite,
the effect of regeneration were investigated for DMS on
Ag—Y zeolite. The results are shown in FIG. 8. As can be
seen, the capacity is roughly halved after each regeneration
cycle. The effect of different flowrates was not investigated
due to the severe adsorption capacity reduction after regen-
erating. A direct comparison between fresh samples of VPIE
Cu(I)-Y and Ag—Y can be seen in FIG. 9. The breakthrough
capacity is higher for VPIE Cu(l)-Y, however, the total
adsorption capacity is slightly higher for Ag—Y. This agrees
with the isotherm data at higher concentrations where AgY
has a higher capacity than Cu(1)Y.

The mesoporous sorbents (based on MCM-41 and SBA-
15) were studied next. These sorbents have very large and
uniform pore sizes, as shown in Table 1 (above). FIGS. 10 and
11 show the flowrate effect on the adsorption of DMS on
activated carbon and CuCl/SBA-15. Again, the adsorption
capacity decreases with increasing flowrate. Given the rela-
tively high adsorption capacity of CuCl/SBA-15, second and
third adsorption cycles were performed to verify the capacity
of' the regenerated material (see FIG. 12). As can be seen, the
sample is also fully regenerable. FIG. 13 shows the compari-
son of two different materials with large pore sizes: CuCl/
MCM-41 and CuCl/SBA-15. It is clear that CuCl/SBA-15
outperforms CuCl/MCM-41 in the breakthrough capacity (at
the same space velocity), due, at least in part, to the much
larger pores of CuCl/SBA-15.

In all examples, the breakthrough occurs well before the
equilibrium amount is reached. This can be attributed to slow
rate of pore diffusion. There are two main factors affecting
these results. First, the gas flowrate used in the experiments is
rather high and thus, there is not enough time to reach equi-
librium and early breakthrough occurs. The time required to
achieve full adsorption capacity using such low flowrates is
believed to be well over 300 days, and thus is not practical.
Second, it was observed that the samples with smaller pores
(zeolites) adsorb a lower fraction of the equilibrium amount
than the larger pore samples (CuCl/SBA-15 and Active Car-
bon). It is possible that adsorbed molecules or some of the
redox products (RS—Cu) may accumulate at the pore
entrance and partially hinder the diffusion of other gas mol-
ecules, effectively reducing the rate of diffusion. This would
explain the shape of the obtained breakthrough curves, which
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are very sharp, as opposed to the expected breakthrough,
which should be slant and slowly increase to the inlet con-
centration. A similar case can be made for AgY zeolite. This
phenomenon does not seem so dramatic in larger pore
samples. The fact that both small and large pore samples are
affected by this reduced capacity leads to diffusion limitation.
Second Adsorption Cycle Isotherms

Second adsorption cycle isotherms were measured for the
materials that showed both relatively high adsorption capac-
ity from the fresh sample adsorption isotherms and full regen-
eration in the breakthrough experiments, namely VPIE
Cu(I)-Y and CuCl/SBA-15. FIGS. 14 and 15 show these
isotherms and the results confirm the breakthrough experi-
ments results, both samples are fully regenerable. In this case,
VPIE Cu(l)-Y was regenerated in air at 350° C. for 8 hours,
and CuCl/SBA-15 was regenerated in He at 350° C.

In the examples herein, the sulfur adsorption capacity was
measured for various sorbent materials. It was found from ab
initio molecular orbital calculations that the energy of adsorp-
tion of H,S was greater than that of DMS on both Cu(I)Y and
AgY; furthermore, the energy of adsorption decreased in the
following order Cu(I)Y>AgY>Cu(Il)Y. Energies of adsorp-
tion calculated by molecular orbital theory and that by Clau-
sius-Clapeyron equation using experimental data showed
good agreement and the same trends. Breakthrough curves
show early breakthrough (i.e., below equilibrium), likely due
to diffusion limitation. Lower flowrates increased the break-
through capacity. Cu(I)Y and AgY show the highest adsorp-
tion capacities from among the tested samples. However,
when regeneration capacity was tested, Cu(1)Y displays supe-
rior performance by being fully regenerable. Furthermore,
the Cu(I)Y shows little affinity for CH4 which is desirable for
natural gas desulfurization. CuCl supported on mesoporous
supports (MCM-41 and SBA-15) are also superior sorbents
because they are also fully regenerable and have the largest
pore sizes, allowing less diffusion resistance. Thus, the results
show that Cu(D)Y, CuCl/SBA-15 and CuCl/MCM-41 are the
most preferred sorbents for natural gas desulfurization.

It will be understood by anyone skilled in the art that the
object of the present invention may be carried out in a variety
of'reactor types. In one example, a reactor may contain at least
one gas inlet, appropriate controls for handling gas flow as
typically known to those of skill in the art, at least one gas
outlet, and at least one solid material inlet/outlet for loading
adsorbent, for example, zeolite materials. In addition, the
reactor apparatus preferably includes at least one controller,
as typically known to those of skill in the art, for controlling
the pressure and temperature of the reactor chamber from
about room temperature to about 700° Celcius. The preferred
operating temperature, pressure and flow rate is typically
dependent upon various factors including reactor geometry
and known to those of skill in the art. Preferably, the reactor is
loaded with a guard bed formed by layered beds of adsorbent
materials. In a further embodiment, two or more such reactors
are operated in tandem, one being used for desulfurization of
gas while another is being used for regeneration of the adsor-
bent material.

While several embodiments have been described in detail,
it will be apparent to those skilled in the art that the disclosed
embodiments may be modified. Therefore, the foregoing
description is to be considered exemplary rather than limit-
ing.

What is claimed is:

1. A method for desulfurizing natural gas hydrocarbons,
the method comprising:

contacting the natural gas with an adsorbent which prefer-

entially adsorbs at least one of hydrogen sulfide, COS,
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sulfur odorants, or combinations thereof, at a selected
temperature and pressure, thereby producing desulfur-
ized natural gas and a hydrogen sulfide, COS, sulfur
odorant, or combinations thereof-rich adsorbed compo-
nent, wherein the adsorbent comprises a Cu* species
adapted to form n-complexation and direct metal-sulfur
bonds with the at least one of hydrogen sulfide, COS,
sulfur odorants, or combinations thereof, and wherein
the preferential adsorption occurs by m-complexation
and direct metal-sulfur bonding.

2. The method of claim 1, wherein the natural gas is pipe-
line natural gas, and wherein the sorbent adsorbs hydrogen
sulfide and sulfur odorants.

3. The method of claim 2, wherein the sulfur odorants are
dimethyl sulfide.

4. The method of claim 1, wherein the adsorbent is acti-
vated by pretreatment at a temperature ranging between about
250° C. and about 600° C. and for a time ranging between
about one hour and about 20 hours, followed by cooling.

5. The method of claim 4, wherein the adsorbent is acti-
vated in a reductive atmosphere.

6. The method of claim 1, further comprising pretreating
the natural gas using a desiccant.

7. The method of claim 6, wherein the desiccant is selected
from activated alumina, silica gel, activated carbon and com-
binations thereof.

8. The method of claim 1, further comprising pretreating
the natural gas using a non-sulfur selective sorbent that
removes hydrocarbons heavier than methane.

9. The method of claim 1, wherein the adsorbent further
includes a zeolite or a mesoporous support.

10. The method of claim 1, wherein prior to contacting the
natural gas with the adsorbent, the method further comprises
pretreating the adsorbent, the pretreatment process compris-
ing the steps of:

activating the adsorbent at a temperature ranging from

about 250° C. to about 600° C. in an inert or reducing
atmosphere for an amount of time ranging between
about one hour and about 20 hours; and

then cooling the adsorbent in an inert atmosphere.
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11. The method of claim 1, wherein the selected tempera-
ture is ambient temperature and the selected pressure is ambi-
ent pressure.

12. The method of claim 1, wherein the adsorbed compo-
nent comprises compounds of the formula:

R—S—H; R—S—R; or Ar—S—Ar,

wherein R represents an aliphatic ligand and Ar represents

an aromatic ligand, and wherein the ligands are capable
of not interfering with the formation of p-complexation
by steric hinderance.

13. An intermediate complex of the formula:

R—S(Cu)—H; R—S(Cu)—R; or Ar—S(Cu)—Ar,

produced by the process of claim 1, wherein R represents an
aliphatic ligand and Ar represents an aromatic ligand,
wherein the ligands are capable of not interfering with the
formation of p-complexation by steric hinderance, and
wherein Cu™ is m-bonded to the sulfur containing compound.

14. The method of claim 1, further comprising regenerating
the adsorbent by calcining the adsorbent.

15. The method of claim 1, wherein the adsorbent com-
prises Cu(l)Y or supported Cu+ compounds on high area
surface substrates.

16. The method of claim 1, wherein the adsorbent com-
prises an ion-exchanged zeolite or mesoporous support.

17. The method of claim 1, wherein the natural gas is
present in ambient air.

18. The method of claim 1, wherein the adsorbed compo-
nent comprises compounds of the formula:

R—S(Cu)—H; R—S(Cu)—R; or Ar—S(Cu)—Ar,

wherein R represents an aliphatic ligand and Ar represents an
aromatic ligand, wherein the ligands are capable of not inter-
fering with the formation of p-complexation by steric hinder-
ance, and wherein Cu* is t-bonded to the sulfur containing
compound.



